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1 
 
Abstract—We systematically study the impact of average cavity 
dispersion and pulse spectral bandwidth on harmonic mode 
locking in the long-wavelength band from an Er-doped fiber laser 
using carbon nanotubes polyvinyl alcohol (CNTs-PVA) film mode 
locker. By carrying out pulse energy management through 
optimizing the average cavity dispersion and optical spectral 
bandwidth, 2.08 GHz repetition rate corresponding to 201st 
harmonic with 36.5 dB side mode suppression ratio (SMSR) can 
be realized under 205 mW pump power at 1597.53 nm. 
Furthermore, we systematically investigate the characteristics of 
the harmonically mode locked ultrashort optical pulses with 
different spectral bandwidths versus pump power under fixed 
cavity dispersion firstly. Key laser parameters have been studied 
including pumping efficiency, duration, energy, SMSR and time 
bandwidth product (TBP). Enlightened by the experimental 
results, a simple law on preliminary and fast judgment of pulses 
frequency under fixed pump power is proposed, namely, by 
monitoring the pulse spectral bandwidth. The laser source 
featuring high repetition rate and L-band operation is greatly 
sought-after in some specific applications such as modern optical 
communication system etc.  
 
Index Terms—Fiber lasers, laser mode locking, nanomaterials 
 
I. INTRODUCTION  
OWADAYS, ultra-short fiber lasers with favorable 
features of high repetition rate at L-band operation are 
revealed as effective light sources, which contribute to some 
potential applications such as optical frequency metrology [1], 
ultra-fast spectroscopy [2], high speed optical sampling [3] and 
biomedical diagnostics [4] and so on. Especially, the laser 
sources also make a great extent development of modern 
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optical communication system [5]. By general agreement for a 
soliton mode-locked laser, when the pump power exceeds 
significantly the energy that a single pulse can withstand, the 
single pulse will split into several pulses due to the peak power 
limitation effect and energy quantization effect  [6], forming 
multi-soliton state. The observations of a set of multi-soliton 
patterns have been widely reported, including soliton 
molecules [7], soliton rains [8], soliton crystal [9], etc.  
Furthermore, under a specific circumstance, multiple solitons 
are self-organized and possess ordered distribution with 
uniform spacing, well known as harmonic mode locking 
(HML) [10]. Therefore, it is possible to scale the pulses 
repetition rate up to several gigahertz with the removal of cavity 
design barriers induced by extra modulators and limitation of 
fiber length.  
Recent years, the widespread applications of mode-locked 
fiber laser have arisen research upsurge in academia [11-13]. 
Saturable absorbers (SAs), considered as one of the most 
efficient mode-locked methods, play a pivotal role in the 
achievement of ultra-short pulses, which mainly consist of 
artificial SAs and physical SAs. The artificial SAs are 
represented by nonlinear polarization rotation (NPR) [14] and 
nonlinear optical loop mirror (NOLM) [15], while the physical 
SAs include semiconductor saturable absorber mirror 
(SESEAM) [16], carbon nanotubes (CNTs) [17] and some 
cross-sectional novel 2D materials, for instance, graphene [18], 
black phosphorus [19], topological insulator (TI) [20], and 
MXene [21]. Interestingly, most of the SAs are also applicable 
for HML [22-30], which have been under wide exploration. 
Recently, we also have shown that CNTs polymer film can be 
considered as an effective SA to realize high repetition rate via 
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HML [31]. Regarding the distinct advantages of mature 
manufacture, convenient implementation as well as high 
flexibility, it is attractive to explore HML using CNTs polymer 
film.  
It is well known that in HML fiber laser, the harmonic order 
increases along with the elevation of pump power. Therefore, 
both watts level pumping power and double-cladding gain fiber 
configurations are intended to be applied in order to generate 
several gigahertz repetition rate pulses. This complicates the 
design of the laser system and remains a challenge for widely 
used applications [32]–[34]. In recent years, some studies have 
shown great progress on lowering the soliton energy to achieve 
higher harmonic order to resolve the problem. In 2012, Jun et 
al experimentally demonstrated the implications of average 
cavity dispersion and spectral bandwidth on pulse energy [35]. 
By effectively engineering the pulse energy, 4.9 GHz repetition 
rate pulses were obtained under 400 mW pump power in Er-
doped laser using evanescent field interaction CNT type [36]. 
Similarly, Tao et al reported the generation of 22.13 GHz 
pulses from NPR-based fiber laser by adjusting the average 
cavity dispersion and average nonlinearity [37]. Those 
experimental reports have demonstrated that to a certain extent, 
lower average dispersion and narrower spectral bandwidth are 
more favorable to decrease the single pulse energy, which 
results in the intensification of pulse splitting when laser works 
in C-band region. Nevertheless, considering the widespread 
applications of high repetition rate fiber lasers in L-band 
region, it would also be particularly necessary to know whether 
the key parameters—average cavity dispersion and spectral 
bandwidth — play the same role when influencing properties 
of HML. In addition, the aforementioned reports haven’t 
clarified clearly that the cavity dispersion will be in a position 
to greatly influence the pulse spectral bandwidth.  
Here for the first time, we have achieved 2.08 GHz HML at 
L-band of Er-doped fiber laser mode locked by CNTs-PVA 
film through a systematic investigation of how the two 
parameters—the average cavity dispersion and the spectral 
bandwidth—affect the harmonic order in the L-band. It is found 
that the pulse energy is eventually dependent on the product of 
average dispersion value and spectral bandwidth (DBP) when 
other cavity parameters remain similar. Therefore to some 
extent, smaller average cavity dispersion and narrower spectral 
bandwidth are advantageous to pulse splitting in agreement 
with the regularities enforceable in C-band [36]. Moreover, it 
is found that minimizing the average cavity dispersion is not an 
optimal condition to achieve high harmonic order. This is 
because when the cavity dispersion is decreased to a turning 
point, the spectral bandwidth will raise dramatically instead. 
This will increase the product value of the two parameters 
leading to higher pulse energy. Therefore, it is particularly 
important to balance the underlying relation between the two 
factors. Eventually, 2.08 GHz repetition rate pulses with 4.83 
nm 3dB bandwidth at 201st harmonic are realized under 205 
mW pump power. The corresponding pulse energy is 3.44 pJ, 
which is the lowest generated from CNTs-based HML fiber 
laser, implying effective pulse energy management. 
Furthermore, the pulses center at 1597.53 nm with 36.5 dB 
SMSR, indicating stable operation in L-band region. The laser 
source exhibiting fascinating aspects of several gigahertz 
frequency and L-band operation simultaneously makes great 
effort to some applications such as optical communication 
system. Additionally, for the first time, we carried out the 
systematic investigation on the performances of the pulses with 
different spectral bandwidth versus pump power under a fixed 
cavity dispersion including pumping efficiency, duration, 
energy, SMSR and TBP. According to the experimental results, 
we also reveal a simple way to judge empirically the frequency 
of the pulses under a fixed pump power, namely, monitoring 
the pulse spectral bandwidth. Our work can be served as a 
reference guide for designing a high-order passively HML fiber 
laser. 
II. THE SOLITON AREA THEOREM  
The pulse energy engineering can be traced back to the 
soliton area theorem [38], which is a key foundation for the 
possibility to expand repetition rate through HML. From the 
soliton area theorem, the soliton area is constrained to the 
product of 𝐴0 and 𝜏, which represent the pulse peak amplitude 
and pulse width at 1/e: 
soliton area = 𝐴0𝜏 = √
2|𝐷|
𝛿
 .                           (1) 
𝐷 and 𝛿 are as defined by the following (2) and (3). 
𝐷 =
1
2
𝛽2,𝑎𝑣𝑒 ∙ 𝐿,                                   (2) 
δ = 𝛾𝑎𝑣𝑒 ∙ 𝐿,                                        (3) 
where 𝛽
2,𝑎𝑣𝑒
 and 𝐿 stand for the average cavity dispersion and 
cavity length, while 𝛾𝑎𝑣𝑒 is the average nonlinearity parameter. 
The single pulse energy W can be specified by 
W = 2|𝐴0|
2𝜏.                                   (4) 
Considering (1) ~ (4), we can get: 
 W = 2|𝐴0|
2𝜏 =
|𝛽2,𝑎𝑣𝑒|
𝛾𝑎𝑣𝑒
∙
1
𝜏
.               (5) 
Considering 𝑇𝐹𝑊𝐻𝑀 = 1.763𝜏 when the pulse has a hyperbolic 
secant shape, the pulse energy is then stated by 
W =
|𝛽2,𝑎𝑣𝑒|
𝛾𝑎𝑣𝑒
∙
1.763
𝑇𝐹𝑊𝐻𝑀
,                        (6) 
where 𝑇𝐹𝑊𝐻𝑀  is the pulse duration at full-width half 
maximum (FWHM). 
As we known, the time bandwidth product (TBP) is 
calculated as follows: 
TBP =
𝑇𝐹𝑊𝐻𝑀∙∆𝜆∙c
λ𝑐
2 .                     (7) 
Here c, ∆𝜆  and λ𝑐  are light speed, 3dB bandwidth of 
optical spectrum and center wavelength respectively.  Then, the 
pulse energy W can be expressed by the equation: 
 W =
|𝛽2,𝑎𝑣𝑒|
𝛾𝑎𝑣𝑒
∙
1.763
𝑇𝐹𝑊𝐻𝑀
= 1.763 ×
|𝛽2,𝑎𝑣𝑒|
𝛾𝑎𝑣𝑒
∙
∆𝜆∙c
TBP∙λ𝑐
2.         (8) 
From (8), it is apparent that the pulse energy is determined 
by the product of 𝐷𝐵𝑃 = |𝛽2,𝑎𝑣𝑒| ∙ ∆𝜆 when other parameters 
are similar such as 𝛾
𝑎𝑣𝑒
, TBP and λ𝑐 . In general, smaller 
average dispersion and narrower spectral bandwidth leading to 
smaller DBP value thus are more favorable in a position to 
lower the pulse energy with a consequence of possible higher 
harmonic order. This has been proved in the laser working at 
C-band regime [36]. However, since many HML fiber lasers 
expand their working wavelength range to L-band, a question 
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3 
spontaneously emerged as to whether the regularity can still 
take effect in L-band region, which will be expressed detailly 
in the following parts. Also, it has been known that the spectral 
bandwidth is susceptible to the cavity dispersion [37], [39], 
[40]. When the net cavity dispersion reduces to near zero, the 
spectral bandwidth will increase dramatically. As a result, DBP 
will become larger instead and the pulse energy will rise 
correspondingly. Therefore, a delicate balance between the two 
factors is required to optimize the DBP.  
III. FABRICATION AND CHARACTERRISTICS OF CNTS-PVA 
FILM 
A. Fabrication of CNTS-PVA Film 
The preparation of CNTs-PVA film can be summarized in 
four steps, which is similar to that in Ref [41]. Firstly, we put 2 
mg single walled CNTs (HiPco, Unidym) into 10 ml deionized 
water and added sodium dodecylbenzene sulfonate (Sigma–
Aldrich) surfactant as dispersion agent. Then, the mixture is 
subjected to sonication introduced by an ultrasonic apparatus 
(Nanoruptor, Diagenode) under the conditions of 200 W power 
and 20 kHz frequency. This provides a condition for uniform 
dispersion of CNTs particles into the aqueous solution. After 
that, ultracentrifugation is carried out for an hour with 25000 
RPM for the purpose of eliminating impurities and large CNT 
bundles. Afterwards, the PVA powders are decanted into the 
prepared suspension and then poured into a Petri dish, which is 
finally placed in a desiccator to evaporate water for several 
days. As a result, the CNTs-PVA film is formed. After cutting 
the film into 1×1 mm piece, we can get a practical SA by 
sandwiching it between two fiber connectors directly. 
B. Characteristics of CNTS-PVA Film  
 
 
(a) 
 
(b) 
 
(c) 
 
Fig. 1.  The characteristics of the CNTs-PVA film: (a) The absorption 
spectrum; (b) The Raman spectrum meaured by 532nm pumping light; (c) The 
measured nonlinear transmission.  
 
The linear optical absorption spectrum and Raman spectrum 
of CNT-PVA film are shown in Fig. 1(a) and Fig. 1(b). The 
absorption spectrum has a number of absorption bands between 
400 nm to 2000 nm, and the absorption intensity at 1600 nm 
approaches 0.16. Furthermore, from Fig. 1(b), we can see that 
two pronounced peaks are radial breathing mode (RBM) and 
the G mode respectively. Notably, based on 250 cm-1 RBM, the 
mean diameter is estimated to be 0.88 nm. Both Raman and 
absorption spectra confirm that the CNTs are single walled. 
Also, a home-made laser delivering stable mode locked pulses 
at 1595 nm with 19 mW output power is applied to measure the 
nonlinear transmission illustrated in Fig. 1(c), giving the 
modulation depth of 3.98 %. Taking advantages of such high 
modulation depth and 0.16 absorption intensity at 1600 nm, it 
is expected that the CNTs-PVA film can be deemed as a 
practical mode locker at L-band. 
IV. EXPERIMENTAL SET-UP 
 
 
 
Fig. 2.  The schematic configuration of L-band Er-doped fiber laser using 
CNTs-PVA film.  
 
The configuration of the demonstrated fiber laser with 
CNTs-PVA mode-locker is shown in Fig. 2. The dispersion 
managed loop cavity is organized by three types of fibers: Er-
doped fiber (EDF Er30-4/125 from Liekki), OFS 980 fiber and 
single mode fiber (SMF), whose group velocity delays (GVDs) 
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are +14.45 ps2/km, +4.5 ps2/km and -22.8 ps2/km, respectively. 
The EDF used is 8.18 m with slightly smaller mode field 
diameter of 6.5 ± 0.5 µm, which cannot only lead to L-band 
operation but also possess high nonlinearity. It is considered 
that the L-band emission comes from in-band absorption due to 
the comparatively long length EDF with highly-doped 
concentration [42]. Since only SMF has negative dispersion in 
the cavity, it can be utilized to compensate the cavity dispersion. 
Therefore, we can get various average cavity dispersion just by 
decreasing the length of SMF. A benchtop laser (OV LINK, 
Wuhan, China) operating at 980 nm is adopted to launch pump 
light into the cavity through a fused taper type wavelength-
division multiplexer (WDM). The clockwise propagation of 
light results from the use of an isolator (ISO). A fused output 
coupler spliced after ISO permits 10% light out of the cavity. 
The mode-locker device is formed by sandwiching CNTs-PVA 
film between two fiber connectors. A polarization controller 
(PC) is employed to optimize the polarization state of the laser. 
The obtained pulses are detected by several experimental 
instruments including an optical spectrum analyzer (OSA, 
Yokogawa AQ6370C), an 8 GHz oscilloscope (OSC, 
KEYSIGHT DSO90804A), a radio frequency (RF) spectrum 
analyzer (SIGLENT, SSA 3032X), a 12.5 GHz photo-detector 
(PD, Newport 818- BB-51F) and an autocorrelator 
(FEMTOCHROME, FR-103WS). 
V. INFLUENCE OF AVERAGE CAVITY DISPERSION AND 
SPECTRAL BANDWIDTH ON HML 
A. Influence of Average Cavity Dispersion on HML  
 
    
(a)                                                     (b) 
 
(c)  
 
Fig. 3.  The representative optical spectra with different dispersion: (a) Optical 
spectrum of conventional soliton under cavity dispersion of -0.13 ps2; (b) 
Optical spectrum of conventional soliton under cavity dispersion of -0.08 ps2; 
(c) Optical spectrum of stretched-pulse under cavity dispersion of -0.039 ps2.  
 
In order to explore the impact of average cavity dispersion 
on HML, we deliberately change the length of intracavity SMF 
which results in the variation of average dispersion value. In 
the experiment, 𝛽2,𝑎𝑣𝑒 varies from -5.83 ps
2/km to -3.97 ps2/km 
and further down to -2.14 ps2/km, when the length of 
intracavity SMF is tailored from 1142 cm to 921 cm and to 742 
cm. The total cavity lengths are 22.35 m, 20.14 m and 18.35 m, 
corresponding to fundamental repetition rates of 9.32 MHz, 
10.34 MHz and 11.35 MHz, respectively. Fig 3 presents the 
representative optical spectra at different average cavity 
dispersion which all clearly locate at L-band region. In the 
cases of 𝛽2,𝑎𝑣𝑒  =-5.83 ps
2/km and 𝛽2,𝑎𝑣𝑒  =-3.97 ps
2/km, the 
clear existence of Kelly sidebands features typical 
characteristics of optical soliton, while the optical spectrum in 
the situation of 𝛽2,𝑎𝑣𝑒  =-2.14 ps
2/km exhibits Gaussian-form 
profile without Kelly sidebands, indicating the generation of 
stretched-pulse [43]. The frequency and harmonic order 
obtained at different 𝛽2,𝑎𝑣𝑒 are plotted in Fig. 4 under the pump 
power of 190 mW. Along with the decreasing of 𝛽2,𝑎𝑣𝑒 , the 
frequency rises from 456.76 MHz to 763.15 MHz and 1224.97 
MHz, corresponding to the elevation of harmonic order from 
49th to 74th and 108th. Furthermore, for the purpose of better 
demonstrating the influence of 𝛽2,𝑎𝑣𝑒  on HML, Fig. 5 
summarizes the repetition frequency as a function of pump 
power at 𝛽2,𝑎𝑣𝑒=-5.83 ps
2/km, -3.97 ps2/km and -2.14 ps2/km, 
respectively. It can be clearly seen that all pumping efficiency 
slopes show linear tendency, which is one of the typical 
characteristics of harmonic mode locked fiber laser [26, 29-31]. 
In general, the smaller pulse energy can lead to larger pump 
harmonic efficiency. Therefore, the smaller average cavity 
dispersion leads to lower pulse energy (10~15 pJ, 8~11 pJ, 
3.6~4.1 pJ) and larger pump harmonic efficiency (3.78 
MHz/mW, 8.91 MHz/mW, 8.99 MHz/mW), which coincides 
with the behavior of C-band operation [36], [37].  However, it 
is clear that the orange one is only a little bit larger than the blue 
one. It is postulated that the different cavity dispersion and 
different intracavity polarization state may lead to different 
conversion efficiency of pump light, thus influencing the pump 
harmonic efficiency. We also calculate the average DBP values 
for the cases of 𝛽2,𝑎𝑣𝑒=-5.83 ps
2/km, -3.97 ps2/km and -2.14 
ps2/km, which are 40.85, 32.39 and 25.78 respectively.  It is 
clear that smaller DBP value results in lower pulse energy, 
agreeing well with the expression in part II. Furthermore, one 
may notice that when the net dispersion deceases near zero, i.e. 
𝛽2,𝑎𝑣𝑒=-2.14 ps
2/km, the pulse spectrum spreads broader due to 
entering the stretched-pulse scheme. Nevertheless, the DBP 
value is still smaller than those of the rest chosen cavity average 
dispersion conditions. This means that the stretching degree of 
the spectral bandwidth here only have a marginal effect on the 
value of DBP, which can be neglected during the above-
mentioned experiments. As described so far, we can conclude 
that in L-band region, decreasing the average dispersion of 
cavity can deduce DBP value to lower the pulse energy, giving 
rise to the achievement of an appreciable repetition rate. 
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Fig. 4.  The frequency and harmonic order versus average dispersion under 190 
mW pump power.  
 
 
 
Fig. 5.  The variations of frequency with different average dispersion as a 
function of pump power (i.e. −2.14 ps2 /km [orange star], −3.97 ps2 /km [blue 
triangle], and −5.83 ps2 /km [red dot]). 
 
B. Influence of Spectral Bandwidth on HML   
 
           
(a)                                   (b)                                   (c) 
        
(d)                                         (e) 
 
Fig. 6.  The typical recorded pulse spectra at different spectral bandwidth region 
under a fixed average dispersion of -3.97 ps2/km: (a) 8.1~9.6 nm. (b) 7.1~7.7 
nm. (c) 5.6~6.3 nm. (d) 5~5.55 nm. (e) 4.4~4.96 nm.  
 
In the aforementioned experiment, it is found that the pulse 
spectral bandwidth can be changed by simply adjusting the 
rotation of PC. Although there is no polarizing component in 
the cavity, not only the fused taper type components including 
OC and WDM but also EDF exhibiting polarization dependent 
gain [44] caused by erbium ion anisotropy [45] can induce 
polarization dependent characteristic. Combined with large 
intracavity birefringence due to the relatively long cavity length, 
the artificial cavity birefringence filter is formed [46-47]. It is 
considered that the spectral bandwidth tunability is rooted in 
the different effective filtering bandwidth when PC is adjusted 
[48]. The tuning ranges of spectral bandwidth are 6~8.5 nm, 
4.4~9.6 nm, 11~13 nm respectively under 𝛽2,𝑎𝑣𝑒 =-5.83 ps
2/km, 
-3.97 ps2/km and -2.14 ps2/km. We can clearly see that in the 
case of 𝛽2,𝑎𝑣𝑒 =-3.97 ps
2/km, the tuning range of spectral 
bandwidth is the largest among the three chosen cavity average 
dispersion conditions. So we investigate the influence of 
spectral bandwidth on HML at the fixed average cavity 
dispersions of 𝛽2,𝑎𝑣𝑒 = -3.97 ps
2/km. Under fixed  𝛽2,𝑎𝑣𝑒  , by 
merely tuning the PC, we can obtain five distinct HML modes 
identified by obvious different spectral bandwidths regions 
(8.1~9.6 nm, 7.1~7.7 nm, 5.6~6.3 nm, 5~5.55 nm, 4.4~4.96 
nm). This is depicted in Fig. 6. From the picture, we can see 
that the soliton operations are characterized by the existence of 
Kelly sidebands in all spectra. Also, it comes to our attention 
that the variation of pulse spectral bandwidth is responsible for 
the change of the repetition rate, as shown in Fig. 7(a). 
Generally, the narrower spectral bandwidth the pulse exhibits, 
the higher repetition rate the pulses are, which is still similar to 
the operation in C-band [36]. Correspondingly, with the 
decreasing of spectral bandwidth, the pulse energy changes 
from 9~10.8 pJ to 6~7.5 pJ, 4.6~6 pJ, 3.8~4.5 pJ and 3.4~3.8 
pJ, as depicted in Fig. 7(b) and the average DBP values are 33.8, 
29.1, 23.2, 21.18 and 19.08 by calculation. We can see that the 
lower DBP value leads to lower pulse energy, which is 
consistent with the results described in part II. Particularly, the 
pump harmonic efficiency is increased with the decreasing of 
optical spectral bandwidth (except for the green one). However, 
the pump harmonic efficiency of the green one is smaller than 
we expected. It is postulated that in the case, the intracavity 
polarization state may lead to smaller conversion efficiency of 
pump light [44]. Worthy of mentioning, at the fixed average 
dispersion of -3.97 ps2/km, the efficiency of the largest 
pumping slope reaches 13 MHz/mW and the highest frequency 
is 2.08 GHz. Both of them are higher than those (pump 
harmonic efficiency of 8.99 MHz/mW, highest frequency of 
1.374 GHz) in the case of 𝛽2,𝑎𝑣𝑒 =-2.14 ps
2/km and ∆𝜆 =
11~13 nm, as shown in Fig. 5. The pulse energies are 3.44 pJ 
and 3.6 pJ and the calculated DBP are 19.2 and 25.7 
respectively in the cases of 2.08 GHz and 1.374 GHz. Thereby, 
considering the influence of average dispersion on spectral 
bandwidth, we optimize the relationship between them for the 
first time to obtain the smallest DBP value. As a result, the 
harmonic order we obtain is sufficiently improved. 
Furthermore, systematic investigation on other properties of 
HML with different spectral bandwidth is carried out for the 
first time. As we know, the pivotal characteristic of stability in 
HML operation is expressed by the value of SMSR. From Fig. 
7(c), we can clearly see that the narrower spectral bandwidth 
with higher repetition rate shows lower SMSR value. We 
conjecture it from the stronger competition between 
fundamental and harmonic frequencies when the harmonic 
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order is higher [27], [49]. Here, we would like to emphasize 
that the lowest SMSR in the case of Δλ=4.4~4.96 nm is still up 
to 35 dB, manifesting excellent stability. In addition, Fig 7(d) 
plots the resulting pulse duration in the cases of different 
spectral bandwidth versus pump power, where the narrower 
spectral bandwidth shows larger pulse duration which is 
consistent with Fourier transform. It should be guaranteed that 
the pulse TBP possesses slight variation in the range of 
0.65~0.9, which manifesting slight pulse chirp, as depicted in 
Fig. 7(e). Although the soliton area theorem only applies to the 
conventional soliton, which contains no chirp generally. Both 
J.H. Eberly and William H. Renninger have demonstrated that 
pulse chirp can merely change the pulse phase without affecting 
the pulse energy [50], [51]. Therefore, the soliton area theorem 
is still applicable to our case.  
The experimental observation is well consistent with the 
analysis in Part II. And stimulated by the experimental results, 
we have developed a simple method to roughly identify the 
repetition rate by monitoring pulse spectral bandwidth, which 
can be performed to find the approximate scope of desired 
frequency quickly. Worthy of mentioning, our laser always 
works at L-band region throughout the experiment. Meanwhile, 
steady operation can be maintained for at least several hours 
when stable HML occurs. Moreover, in our work, the CNTs-
based SA can work for several weeks steadily if the pump 
power is controlled well. 
 
 
              (a) 
 
              (b) 
 
              (c) 
   
           (d) 
   
            (e) 
 
Fig. 7.  The characteristics of HML pulses at different spectral bandwidth 
region against pump power change (a) repetition frequency; (b) pulse energy; 
(c) SMSR value; (d) pulse duration; (e) TBP. (i.e. 8.1~9.6 nm [orange star], 
7.1~7.7 nm [red dot], 5.6~6.3 nm [olive triangle], 5~5.55 nm [pink triangle], 
and 4.4~4.96 nm [blue diamond]) 
 
VI. CHARACTERISTICS OF 2GHZ PULSES 
By carefully collaborative optimization of average dispersion 
and spectral bandwidth to make DBP small enough, the laser 
can yield 2.08 GHz pulses at 201st harmonic which is the 
highest record in our experiment under 205 mW pump power. 
The well-characterized pulse train with equi-distant spacing 
and similar amplitude is visualized in Fig. 8(a). The measured 
pulse spacing is 0.48 ns in consent with the pulse frequency. 
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The corresponding optical spectrum is presented in Fig. 8(b), 
whose 3dB bandwidth and center wavelength are 4.83 nm and 
1597.53 nm, respectively, which means that the laser works in 
L-band region. Fig 8(c) shows the measured RF spectra in 3.2 
GHz span, where the maximum peak in the position of 2.08 
GHz gives a further verification of pulse repetition rate. And 
the SMSR is 36.5 dB while signal-to-noise ratio is 56.6 dB, 
manifesting steady operation. Fig 8(d) displays the measured 
autocorrelation trace. When the pulse shape is set to secant 
hyperbolic profile, the pulse duration is estimated to 1.42 ps. 
Therefore, the TBP is 0.806 indicating slightly pulse chirp. 
Furthermore, accounting for the output power of 7.15 mW, the 
pulse energy is about 3.44 pJ, which is the lowest [35] 
generated from CNTs-based laser confirming the effective of 
balancing the relationship between average dispersion and 
spectral bandwidth. 
 
   
(a)                                                       (b) 
  
(c)                                                       (d) 
 
Fig. 8.  The characteristics of 2.08GHz pulses under 395 mW pump power: (a) 
The time domain waveform visualized in oscilloscope; (b) The measured 
optical spectrum; (c) The detected RF spectrum in 3.2 GHz span with 
resolution of 1 MHz, and inset is RF spectrum measured with 1 MHz span and 
1 kHz resolution bandwidth; (d) The measured autocorrelation trace. 
 
VII. CONCLUSION 
In conclusion, we experimentally identified that in the L-band 
region, the pulse energy is eventually determined by the 
product of the cavity average dispersion and pulse spectral 
bandwidth when other cavity parameters are similar. To some 
extent, smaller average dispersion and narrower spectral 
bandwidth are essentially required for depressing pulse energy 
substantially, which is similar to the C-band described in Ref 
[36]. We also find out that there is an optimal value of average 
dispersion due to the influence on spectral bandwidth. By 
controlling the balance between the two parameters carefully to 
make the product value smaller, our laser allows the generation 
of 2.08 GHz pulses at 201st harmonic with 13 MHz/mW pump 
harmonic efficiency. The outstanding stability is attested by the 
SMSR value of 36.5 dB. Furthermore, we systematically 
investigate the influence of spectral bandwidth on the 
performances of HML under a fixed dispersion in terms of 
pumping efficiency, energy, SMSR, duration and TBP for the 
first time. Enlightened by the experimental observation, a 
simple approach based on monitoring spectral bandwidth is 
presented here, which is beneficial for the preliminary 
judgment of the wanted repetition rate. Additionally, our study 
implies guidelines in the construction of HML fiber laser.  
Specifically, taking into account the effect of cavity 
nonlinearity on pulse energy according to equation (8) and Ref 
[37], our future work will focus on engineering the cavity 
nonlinearity to scale the repetition rate further. 
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